Malignant catarrhal fever (MCF) is a fatal disease of cattle and other ruminants, caused by viruses in the genus Macavirus of the subfamily Gammaherpesvirinae (McGeoch et al., 2006) . The disease occurs as the result of infection of susceptible hosts by contact with an asymptomatic carrier species that acts as a virus reservoir. Ovine herpesvirus 2 (OvHV-2) subclinically infects most sheep and is the major cause of MCF worldwide (Russell et al., 2009) . A salient characteristic of gammaherpesviruses (c-HV) is their ability to establish latent infection in lymphocytes where no productive virus replication takes place. MCF is characterized by sudden onset of pyrexia followed by lymphadenopathy, leukocytosis and severe congestion, necrosis and erosion of the oral, conjuctival and nasal mucosae (Russell et al., 2009) . There is marked T-cell hyperplasia with lymphocytic infiltration observed in vascular lesions and immortalized T-cell lines can be cultured from affected cattle. These cells are virus genomepositive and have been characterized as large granular lymphocytes (LGLs) that exhibit non-antigen specific cytotoxicity similar to that of NK cells (Reid et al., 1989) . There is a degree of variability in the phenotype of OvHV-2-infected cells lines. In experimentally infected bison, the vascular-infiltrating lymphocytes are CD8 + /perforin + /cd T-cells (Nelson et al., 2010) , while five characterized LGL lines from OvHV-2-infected cattle all expressed CD2, CD5 and CD25; three of these were CD4 + , one was CD8 + and one was CD4 + /CD8 + . All lines analysed express gamma interferon, tumour necrosis factor alpha, interleukin (IL)-4 and IL-10 transcripts, but not IL-2 or IL-1b (Schock et al., 1998) .
LGL lines are thought to represent the virus-infected cells in vivo and as such are essential tools to help elucidate MCF pathogenesis.
An in vivo study of global gene expression in lymph nodes suggested a predominantly latent profile of OvHV-2 gene expression in affected cattle with several differences in cellular gene expression between affected and unaffected animals, the most notable of which was an infectionassociated reduction in IL-2 transcript levels (MeierTrummer et al., 2009) . The mechanism by which OvHV-2 induces MCF is unknown; virus antigens have not been detected at the site of lesions and virus-induced cytopathology is thought not to be involved in lesion development. It has been proposed that activated T-cells release cytokines and other factors causing non-malignant polyclonal lymphocyte proliferation and that tissue damage arises from their unrestricted NK-like activity (Cook & Splitter, 1988) . Meier-Trummer et al. (2009) also proposed that the IL-2-negative status of the virus-immortalized cells contributes to MCF pathology. This study begins to address the question of how virus infection deregulates bovine T-cell function, leading to MCF pathology.
MicroRNAs (miRNAs) constitute a large family of small non-coding RNAs functioning in post-transcriptional regulation of mRNA in eukaryotes (Bartel, 2009; Carthew & Sontheimer, 2009; Kim et al., 2009) as well as in a number of viruses, particularly in the members of the family Herpesviridae (Cullen, 2009; Glazov et al., 2010; Grey et al., 2008) . Herpesvirus-encoded miRNAs have been shown to be effective regulators of both cellular and viral gene expression and to influence cell processes including proliferation (Dölken et al., 2010; Gottwein & Cullen, 2010; Lu et al., 2010; Qin et al., 2010; Seto et al., 2010; Zhao et al., 2009) . We hypothesize that OvHV-2 encodes miRNAs and that these play a role in the cellular deregulation seen in infected bovine T-cells.
Several c-HV related to OvHV-2 have previously been shown to encode miRNAs (Cai et al., 2005; Grundhoff et al., 2006; Pfeffer et al., 2005; Samols et al., 2007; Schäfer et al., 2007) . The miRNAs expressed by the different c-HV are not conserved between the viruses with respect to sequence (with the exception of seven miRNAs shared by Epstein-Barr virus and the highly related rhesus lymphocryptovirus; Cai et al., 2006) ; however, given the evolutionary similarity of the different c-HV it is likely that OvHV-2 also encodes miRNAs. This hypothesis is strengthened by a recent study that analysed the genome sequence of several c-HV and predicted that OvHV-2 encodes miRNAs .
Massively parallel sequencing of a small RNA library from the OvHV-2-immortalized bovine LGL cell line, BJ1035 (Schock et al., 1998) , generated 5 702 036 unfiltered 35 base sequence reads, 404 439 (7 %) of which mapped to the OvHV-2 genome (GenBank accession no. AY839756) using Short Oligonucleotide Alignment Program (Li et al., 2008) with the following parameters: number of mismatches allowed in adaptor51; maximum number of mismatches allowed on a read50; seed size58; gap size50; minimum miRNA size after removing adaptor520; maximum miRNA size after removing adaptor526.
The OvHV-2 reads were represented by 2260 unique tags: 348 (0.12 % of the reads) from the plus-strand and 1912 (99.88 % of the reads) from the minus-strand. The OvHV-2-mapped tags were grouped together if they had the same 59 genomic position; the sum of their reads was taken and the tag with the most reads was used as the consensus. The 348 plus-strand tags were consolidated to 283 and the 1912 minus-strand tags were consolidated to 825. The consensus tags were grouped together if they overlapped or were within 30 nt of each other (pre-miRNA). Read counts were used to determine the tag most likely to represent a mature Fig. 1 . Predicted structures of pre-miRNAs for ovhv2-miR-1 to -miR-8. miRNA and miRNA* sequences are shown in bold and seed sequences are underlined. Nucleotide numbering is from Hart et al. (2007) . The number of reads obtained for each strand of the premiRNA is shown on the right.
OvHV-2 miRNAs miRNA and miRNA*; the tag with the most reads in a group was designated the putative miRNA and the tag with the second highest number of reads (that did not overlap with the putative miRNA) was designated the putative miRNA*. The 283 plus-strand tags were divided into 126 groups and the 825 minus-strand tags were divided into 261 groups. The 12 groups containing the most highly abundant tags (.10 000 reads; all from the minus-strand) were analysed further.
The MFOLD webserver (http://mfold.rna.albany.edu/?q= mfold) was used to determine if these 12 groups conformed to the secondary structure criteria described by Ambros et al. (2003) and therefore represented candidate miRNAs. These criteria included a stem-loop of 60-110 nt, recognized by the RNase III enzyme Drosha; 39 overhangs in the miRNA/ miRNA* duplex due to cleavage by Drosha and the RNase III enzyme Dicer; and ¢16 bp within the miRNA/miRNA* duplex for stability, while the pre-miRNA is transported from the nucleus to the cytoplasm, the terminal loop is cleaved by Dicer and the duplex is transferred to the RNAinduced silencing complex. If the MFOLD predicted secondary structure contained a stem-loop, the miRNA and miRNA* were mapped onto it to find the remaining structural elements. Eight of 12 minus-strand groups analysed adhered to the miRNA secondary structure standards and these were named ovhv2-miR-1 to -miR-8 (Fig. 1) . The level of expression of these miRNAs in BJ1035 cells, as assessed by the number of reads (Fig. 1) , varied from 10 378 (ovhv2-miR-6) to 46 048 (ovhv2-miR-8). As a comparison, the ubiquitously expressed bovine miRNA bta-miR-16a was detected at a level of 1672 reads in BJ1035 cells. Nonquantitative Northern hybridization for small RNAs (Pall & Hamilton, 2008) showed that ovhv2-miR-1 to -miR-8 were detected as~22-26-mers in OvHV-2-positive BJ1035 cells, but not in the OvHV-2-negative Theileria parva-immortalized bovine T-cell line, 495TPM (MacHugh et al., 2009) (Fig. 2) , confirming their expression and OvHV-2 specificity. Bta-miR-16a was expressed in both BJ1035 and 495TPM cells as determined by Northern hybridization (Fig. 2) . The nonquantitative nature of Northern hybridization analysis, due in part to different hybridization and labelling properties of the nine different hybridization probes, does not allow a measure of the relative level of expression of the miRNAs. This assay simply assesses the presence or absence of ovhv2-miR-1 to miR-8 and Bta-miR-16a in the two cell lines. Thus, the relative intensity of the hybridization observed in Fig. 2 cannot be correlated with the read number obtained from the sequencing analysis.
This study represents the first report of the expression of virally encoded miRNAs by the members of the genus Macavirus of herpesviruses. Walz et al. (2010) predicted 61 hairpin sites in OvHV-2 that might encode miRNAs, including the locations of ovhv2-miR-1 to -miR-8. Ovhv2-miR-1 is encoded in the 59 region before the first predicted ORF, Ov2, and the remaining seven validated OvHV-2 miRNAs are encoded in the 9.3 kb predicted non-coding region between the predicted ORF11 and ORF17/17.5 (Fig. 3) . The location of the promoters that direct transcription of these miRNAs is not known. Ovhv2-miR-1 is Blots were hybridized with oligonucleotides specific for the ovhv2-miR-1 to -miR-8 or for the bovine miRNA bta-miR-16a. transcribed in the same direction as the adjacent ORFOv2 with the 59 end of the miRNA located 394 bp from the predicted Ov2 poly(A) signal. Ovhv2-miR-2 to -miR-6 are spread over a 3.5 kb region located towards the left end of the 9.3 kb region. No virus ORFs are predicted in that region, the nearest is ORF11, and is transcribed in the opposite direction. At the right-hand end of the 9.3 kb region, ovhv2-miR-7 and -miR-8 are transcribed in the same orientation as ORF17/17.5 with the 59 ends of ovhv2-miR-7 and -miR-8 located 534 and 272 bp, respectively, from the predicted ORF17 poly(A) signal. Analysis of ovhv2-miR-1 to -miR-8 showed that they share no seed homology with any other previously identified virus or bovine miRNA. BLASTN analysis also revealed that sequences homologous to ovhv2-miR-1 to -miR-8 were not present in the genome of another Macavirus and causative agent of wildebeest-associated MCF, alcelaphine herpesvirus 1. This lack of conservation between closely related viruses has also been observed in different Marek's disease virus strains (Yao et al., 2007) .
In conclusion, this study has demonstrated that OvHV-2 encodes at least eight miRNAs and that these are expressed in the OvHV-2-immortalized cell line BJ1035. This work provides the basis for future studies on the role of these miRNAs in the control of both virus and cellular gene expression. We are currently investigating the virus and cellular targets of these miRNAs.
